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ABSTRACT 

Th*  McoDd  md  final  phaaa  nf  a  terrain  clutter  atudjr  haa  bean 
cotnplatodte  Naval  ReaearchLaboriitoryiitlllalnf  the  Four  •Frequency 
Radar  SjrMem  Inetalled  in  a  WV-2  (Super  Conatellatlan)  aircraft, 
taNo  lSUf4.  Thla  aystem  la  capable  of  trsuemlttlnc  receivlaf 
four  frequenelea  (P,X,L,  and  C)  coneecutlvely  with  a  choice  of  horl- 
Bontal,  vertical,  and  altemaflag  polaiizatfcma.  The  retuma  are  (ated 
at  a  fined  range  and  analysed  In  a  digital  computer.  Aboolute  clutter 
meaMremente  have  been  taken  ever  aeveral  attea  at  angles  of  Incl* 
dence  from  5  degrees  to  60  degrees.  The  parameter  measured  waa 
the  normalised  radar  cross  section  In  terms  of  the  median  value  of 
Its  probability  diatrlbutlon.  Data  vere  obtained  for  this  parameter 
as  a  function  of  incident  angle,  transmitted  and  received  polarisation, 
and  radar  wavelength  for  a  wide  variety  of  terrain  types  such  as 
desert,  mountainous,  urban,  and  water.  A  slgnlflcaid  conclusion  was 
that  the  wavelength  dependence  of  the  terrain  clutter  varies  from 
n  •  0  for  urban  terrain  to  n  •  3/2  fer  marshes. 


PROBLEM  STATUS 

This  la  the  final  report  on  the  final  phase  of  the  problem.  Unless 
otherwise  notified,  this  problem  will  be  considered  closed  thirty 
days  following  the  Issuance  of  this  report. 
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INTRODUCTION 

The  Naeal  Research  Laboratory  has  concluded  a  clutter  measurement  profram  for 
the  Research  and  Technolocy  Division.  Systems  EnclMcring  Group,  Wright  •Patterson 
AFB,  Ohio.  The  purpose  of  th<a  work,  as  stated  in  the  MIPR  AS-5-64,  la  *to  contribute 
technical  data  to  eatabllsh  clutter  models...  that  can  be  used  for  theoretical  eTaluatlon 
of  various  rejection  techniques....*  The  program  has  been  divided  Into  two  phases.  The 
initial  phase  concentrated  upon  thv  acquisition  of  clutter  data  at  four  trequenclea  and  for 
both  linear  polarisations.  ‘!^se  were  taken  at  shallow  angles  of  incidence  (less  than  10*) 
over  both  Canadian  and  American  terrain.  A  report  (1)  describing  the  measurements  and 
results  of  the  Phase  I  program  has  been  written  and  contains  Information  not  only  on  the 
Instrumentation  but  also  on  me  processing  techniques  used  to  derive  the  spectrum  and 
rad.«r  cross  section  (RC8)  of  the  clutter.  Consequently,  these  details  arill  largely  be 
omitted  In  this  report. 

The  emphasis  of  the  second  and  flnai  phase  of  the  effort  has  been  placeo  nimarily 
upon  the  Implementation  of  a  specific  «.!utter  model  (2)  which  required,  as  an  uiput,  maps 
of  terrain  scattering  which  consist  of  contiguous,  equlsixed  resolution  cells.  Tte  RC8  of 
each  cell  Is  specified  In  terms  o*  its  median  value  and  cumulative  probability  distribution. 
In  general,  these  are  functions  of  the  frequer-,,  polarization,  angle  of  Incidence,  and 
terrain  type.  The  cross-section  maps  were  constructed  by  (ttgitally  processing  the  range- 
gated  returns  of  the  Four- Frequency  Radar  (4FR)  System  in  the  NRL  Resea.'ch  Computa¬ 
tion  Center  CDC  3870  computer.  A  description  of  this  study  program  will  be  given  later 
In  Uus  report. 

Since  several  independent  samples  of  the  RCS  of  the  Individual  resolution  cells  are 
required  to  accurately  compute  the  median  RCS  and  distribution,  the  darell  time  of  the 
radar  beam  was  increased  by  Illuminating  the  terrain  in  a  sidelooking,  searchlight  mode. 
In  this  mode,  the  antennas  are  fiaed  at  right  angles  to  the  flight  path  and  at  a  chosen  ele¬ 
vation  angie.  The  angles  are  held  relatively  constant  by  a  stabilized  antenna  nwiunt  which 
Is  referenced  to  the  vertical  and  magnetic  north.  The  angle  of  Incidence  was  varied  by 
stepping  the  elevation  angle  as  the  aircraft  made  repeated  runa  at  a  fixed  altitude,  back 
and  forth  along  a  fixed  flight  path.  The  flight  path  was  chosen  to  cross  reasonably  homo¬ 
geneous  terrain,  Le.,  not  containing  visible  terrain  boundaries. 

Of  the  several  flights  made  In  1966-1967,  three  were  used  to  provide  the  majority 
of  the  data  for  both  the  clutter  model  and  this  report.  These  flights  are  listed  In  Table  1 
together  with  the  pertinent  radar  parameters  and  terrain  descriptors.  The  data  collected 
on  these  flights  contain  information  of  much  greater  scope  than  the  definition  of  resolu¬ 
tion  cells;  namely,  the  large-scale  variatlcn  of  the  terrain  clutter  arith  the  various  rada.* 
parameters  as  well  as  with  the  terrain.  Consequently,  in  addition  to  the  details  of  imple¬ 
menting  the  clutter  model,  studies  relating  to  the  functional  dependence  of  the  RCS  of 
various  types  of  terrain  on  wavelength,  polarization,  and  angle  of  Incideace  will  be  pre¬ 
sented  bi  the  body  of  the  report. 


INSTRUMENTATION 

A  brief  resume  of  the  4FR  System  arill  be  given  at  this  point  to  aid  uferpretatlon  of 
the  Phase  n  measurement  program.  The  4FR  System  is  a  research  radar  installed  in  an 
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Tibi*  1 

PUfbt  SwBmary 


Terrain 

Prequency 

Polarisation 

Elevation  Angle, 

PRF 

PuleewkBh 

(/■•c)  1 

October  6,  1906  1 

Arlaona 

X  band 

W,HH,VH,HV 

5*  ^  50* 

683 

0.5 

daeert 

C  band 

W^H.HV 

5*  -  50* 

683 

0.5 

ArMona 

X,L.P 

W,HH,VH,HV 

8*  -  50* 

683 

0.5 

terrain 

c 

W,BH,HV 

8“  -  50* 

683 

0.5 

October  7,  1996 

Arlaona 

r 

deaert 

L.P 

W,HH,VH,IIV 

8*  •  50* 

683 

0.5 

Phoenla 

X,L,P 

W,HH,VH,HV 

5*  •  75* 

683 

0.5 

and  Snburbe 
Arlaona 

C 

W,HH,HV 

5*  -  75* 

erodad  deaert 

X 

W,HH,VH,HV 

5*  -  12* 

683 

0.5 

c 

W,HH,HV 

5*  -  12* 

ArlBona 

roae^.  hills 

X,L,P 

W,HH,VH,HV 

8*  only 

683 

0.5 

C 

W,HH,HV 

8*  only 

Arlscem 

eultlTated 

X,UP 

W,HH,VH,HV 

8*  only 

683 

0.5 

farmland 

C 

W,HH,HV 

8*  only 

683 

0.5 

January  30,  1967 

New  Jersey 

X.L 

W,HH,VH,HV 

8*  *  60*  1  603 

0.5 

reeldantlal 

areae 

C 

W,HH,HV 

6*  •  60* 

New  Jersey 

X,L 

W,HH,VH,HV 

8“  -  60* 

603 

0.5 

rural 

C 

W,HH,HV 

P 

W,HH 

New  Jersey 

X.L 

W,HH,VH,H\' 

8*  —60* 

603 

0.5 

Marabland 

c 

W,HH,HV 

P 

W,HH 

Delaware  Bay 

X 

W,HH,VH 

8*  -  60* 

603 

0.5 

10- 15  knot  wind 

c 

W,HH 

6*  -  60* 

Whltecaps 

L 

W,HH 

6*  -  60* 

L 

VH 

4*  -  12* 

P 

W 

8*  -  60* 

_ _  _ 

HH 

12*  -  60* 

L _ 

IC-121  (Sopir  ConatcllaUon)  ilrcrifl  operated  by  a  Navy  ere*.  l>e  i.'iitruinentatia''  la 
operated  and  maintained  aa  an  NRL  (aciltty.  The  primary  function  of  the  4FR  Syatem  la 
to  measure  target  charaeterletlea  at  four  dllferent  frequenclea  aa  well  aa  for  both  linear 
polarlaatlooe.  The  eyatem  la  capable  of  tranamtttlng  a  pulae  aequence  of  the  *cnn  F„,  X„, 
L|i,  C,,  Py ,  Xy,  L  y,  and  C.,. ,  wtere  the  band  lettera  P,  X,  L,  and  C  refer  to  the  frequen¬ 
clea,  422  IIHs,  8910  MHz,  1228  MHz,  and  4455  MHz  reapectleely,  and  the  lettera  H  and  V 
refer  to  horizontally  or  vertically  polarized  tranamlaalona.  The  pulae  train  Aaa  a  variable 
repetlUoa  rate  (100  to  2900  ppa),  and  the  width  of  the  Individual  pulaea  la  alao  variable 
(0.1  In  2  tiaec).  The  antenna  syatem,  developed  under  Project  Suapender.  la  mounted  In 
the  bottom  radonie  of  the  and  is  uaed  for  both  tranemlaalon  and  receptioki  B 

conaleta  of  four  dual  polarized  antennas.  Two  c4  these,  which  transmit  X-  and  C-band 
energy,  are  mounted  aide  by  side  and  have  colllnear  beams  md  equal  beamwldths  so  that 
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they  Uluminate  the  eaioe  area.  The  L-  and  P-band  mtennaa  are  mounted  180  degreea  in 
azimuth  anray  from  the  X-  and  C-^Mnd  antennae  and  are  likewiae  coiUnear.  The  beam- 
wUttha  ot  these  antennas  are  different  so  that  the  area  illuminated  by  P-band  energy 
includes  the  area  illuminated  by  the  L  band.  The  antenna  pairs,  while  locked  in  asimuth, 
are  separately  trained  in  eleeation  from  0*  to  90*.  The  eidire  array  may  be  scaimed 
through  315*  or  any  portion  thereof. 

Upon  reception,  the  scattered  return  is  separated  into  its  orthogonal  polariaatkm 
components  and  amplified  in  parallel  systems.  The  receivers  in  the  4FR  System  are 
time  multlpleaed  in  sjmchronlsm  with  the  transmitted  pulse  burst  to  provide  a  more 
exact  comparison  between  returns  and  also  to  simplify  calibration.  The  components  of 
the  receiv^  signals  are  ^.^stlngulshed  in  this  report  the  addition  of  a  second  subscript 
to  the  transmitted  form,  Le.  X  refers  to  the  horizontal  return  from  a  vertically  polarised 
X-band  transmission.  All  received  signals  are  presented  to  an  operator  on  an  A-scope 
for  gating.  Regardless  of  the  pulsewldth  transmitted,  a  30-nanoaecond  pulse  is  used  to 
gate  the  return.  After  being  gated,  the  phase  and  amplitude  of  the  sample  are  digitized 
to  seven-bit  precisian  and  recorded  in  the  aircraft  on  magnetic  tape  for  later  processing. 

In  all,  32  parameters  the  four  amplitudes  and  all  phases  of  the  scattered  components  of 
four  frecpiencies  are  recorded  in  each  pass  over  the  terrain  at  a  rate  correspondiag  to 
32  tlnoes  the  repetition  rate  of  the  pulse  burst. 


CLUTTER  CROSS  SECTION 


Ihe  radar  cross  section  of  a  target,  « ,  is  defined  in  the  conventional  way, 

(4.)^*% 

0  m  —  III 


(1) 


For  an  extended  target,  such  as  a  patch  of  terrain,  the  normalized  cross  section,  , 
is  defined  by 


(3) 


f  v,c  - 
2  cosw 


4  • 


(in  V 


for  small  depression  angles,  and 
for  large  depression  angles. 


where  A  is  area  illuminated  by  the  .radar,  v,  and  are  the  elevation  and  azimuthal 
beamwldUis  of  the  antenna,  e  is  the  angle  of  incidence,  c  ie  the  speed  of  light,  and  -  is 
the  pulse  length. 


Equation  (2)  assumes  a  uniform  distribution  of  scatterers  arithln  the  illuminated 
area.  While  this  assumption  is  reasonably  valid  in  the  analysis  of  sea  clutter,  it  is 
extremely  difficult  to  fl^  terrain  that  is  sufficiently  homogeneous  to  satisfy  this  defini¬ 
tion.  hi  particular,  urban  areas  present  strong  divergences  from  honaogeneous  terrain 
due  to  the  presence  of  large  flat  surfaces,  which  may  be  oriented  perpendicular  to  the 
incident  field.  In  spite  of  the  difnculties,  the  normalized  cross  section  will  be  used  here 
because  It  does  have  the  property  of  being  normalised  with  respect  to  the  area  illuminated 
by  the  measurement  radw. 


The  time  sequence  of  the  clatter  amplitude  at  a  fixed  range  is  in  general  a  noosta- 
tlonary,  nonhcmogeneous,  random  process;  consequently,  the  presentation  at  results 
offers  special  problema.  In  this  measurement  program,  the  data  were  processed  to 
yield  ttum  different  presentations.  The  first  one  was  the  maps  referr^  to  previousiy, 
which  will  be  discussed  in  detail  later.  The  second  is  a  form  Introduced  in  the  Phase  I 
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rafxirt,  tht  coil— o—  plotof  Um  10%,  S0%  (nedlaa),  and  90%  laval  of  mcccMlvc  camalailve 
prohatiilltry  dtatrlbatlOM.  Thaae  arc  Um  dacibcl  Talocs  aaicaaded  bf  10%,  90%,  and  90%  of 
tiM  *«t****  In  Om  aaapla.  A  ftand  aamplt  s1b«,  sagr  1000  polaaa,  is  choatp,  and  the  time 
lUalary  of  tlw  psrcaatilaa  la  racordsd.  ‘ns  talrd  form  ot  preaaotaftloii  la  the  cumulative 
probaMUty  dtatrlbadon  at  Om  aafira  ran  and  la  at  ▼afaw  in  determinlaf  larfc-acalc  RCS’a 
and  falna-alarm  mloo  at  the  given  tarralB.  TW  oidlaata  ot  Um  dlstiibaUoa  is  the  par- 
cantaga  at  the  — sisa,  while  the  ahneiaea  Is  normallsad  cross  secUon. 


Fig.  1  -  Phoenix,  Arison*  »re* 


TERRAIN  DESCRIPTimt 

b)  the  Phaae  D  Maasurement  Program,  an  attempt  was  made  to  provide  tarraln  de- 
acriptiOQS  ot  the  measured  areas  that  are  more  exact  than  those  of  the  Phase  I  program. 
One  bMlc  motlvatlor.  was  to  attempt  to  correlate  the  gross  features  ot  the  clutter  maps 
with  prominent  terrain  features.  The  specificatioa  of  a  given  terrain  in  more  ipiantita- 
tive  terms  is  a  formidable  problem  in  itself  and  is  beyond  the  desired  scope  of  this  report. 
Two  means  ot  Identification  were  used.  Ihe  first  was  an  aircraft  flight -p^  determina¬ 
tion  bMed  upon  VOR  and  the  second,  vlsoal  observations  from  the  cockpit  From  these, 
the  m^ts  shown  in  Figs.  1  and  2  were  constructed.  At  several  points  on  the  map  the  ter¬ 
rain  is  described  wttfa  various  labels.  These  identify  the  terrain  types  which  were  cboa(>n 
as  honmgeneoua.  For  Instance,  Figs.  S  through  8  are  photographs  at  terrains  designated 
as  desert,  nmuntalnous  terrain,  urban  (Phoenix),  eroded  desert,  rough  hills,  and  cultivated 
farmlmd.  In  addition,  data  will  be  presented  for  which  photographs  are  not  available; 
namely,  residential  (Wildwood.  N.J.),  rural  (New  Jersey),  marsh  (New  Jersey),  and  Dela¬ 
ware  B^.  The  latter  is  included  In  the  measurement  of  the  land-sea  Interface  ahown  in 
Fig.  9.  Figure  lO  is  the  distribution  of  26,(XN)  sanspiss  taken  for  Run  !8-Xn.  lYicse  are 
excellent  illustrations  of  the  prtAreased  data  referred  to  in  the  prevtous  saction. 
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Fig.  5  -  City  of  Phoenix 
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Fig.  10  •  Cumulative  probability 
distribution  plot.  Xm,  d  =  8* 


CLUTTER  MAPS 


The  processing  of  dsta  into  resolution  cells  involees  a  knowletlge  at  thr  flight  param¬ 
eters,  such  as  speed  and  altitude,  as  well  as  the  beamwktth.  With  these,  the  number  of 
samples  available  to  specify  the  statistical  variation  of  a  resolution  cell  is 


f 


CO*  u 

JZ 


(3) 


where  f ,  is  the  pulse  repetition  rate  of  the  radar.  To  eliminate  doppler  fluctuattoos  in 
the  data,  a  smoothing  window  of  length 


was  used,  where  l  is  the  length  of  the  aperture  in  the  aaimuthal  direction.  This  involved 
averaging  every  «  rf,  pulses  together  so  that  the  number  of  Independent  samples 
becomes 

coi  u 

*  I.  •  (5) 

The  resulting  t  pulses  were  distributed  to  determine  the  percentile  values.  This 
operation  was  repeated  for  each  contiguous  group  of  f  pulses  to  yield  the  clutter  map. 
Appendix  A  consists  of  the  map  determined  for  Run  110,  desert  terrain,  as  well  as  the 
data  required  to  calibrate  the  percentile  values.  R  should  be  noted  in  the  appendix  that 
the  zeroth  percentile  refers  to  the  highest  value  of  cross  section  observed  in  the  sample. 

Clutter  maps  (3)  for  the  runs  shown  in  Fig.  1,  as  well  as  data  from  Goose  Bay, 
Labrador  not  shown  in  this  report,  were  transmitted  to  analysts  at  the  Illinois 
of  Technology  Research  Institute.  Chicago.  Illinois,  to  provide  an  input  to  their  clutter 
modeL  Results  of  their  analyses  have  been  published  (4)  as  well  as  their  preliminary 
conclusions.  The  remainder  of  this  report  will  deal  with  large-scale  variations  which 
are  a  continuation  of  the  studies  pursu^  in  Phase  L 
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TmilAlN  CLUTTER  DATA 

Boom  of  tht  moat  uaaful  data  to  tba  ayaCam  daalfntir  la  the  rarlation  of  the  median, 
aor»aHaad,  croaa  aectioo  with  Incidence  angle  for  a  apeclfled  terrain.  Hie  data  acquit^ 
la  the  Fhaaa  0  profram  bare  bean  proceaaed  to  yield  thla  variation  for  each  of  the  ter¬ 
rains  aaaaaurad.  The  basic  data  run,  Le.,  one  almllar  to  Pig.  9,  was  acquired  In  the  alde- 
hwlilaf  mode  prevloualy  described.  The  X-  and  C-band  antenna  aystema  were  oriented 
at  to*,  whlls  L-  and  P-band  antennas  were  at  270*,  with  respect  to  the  flight  path. 

The  sipuls  ratnmad  from  the  porttons  of  the  flight  path  over  the  specified  terrain  were 
svera0ad  to  datermlne  the  value  ot  normalised  cross  section  that  corresponds  to  the 
prasat  angle  of  Incidence.  The  rural  area  In  ng.  9  was  averaged  to  yield  -20  decibels 
(dB)  of  normalised  cross  section. 

To  determine  the  variation  with  angle  of  Incidence,  tne  elevation  angles  of  the  beams 
were  changed  and  the  flight  path  reflown.  The  data  presented  In  Fig.  1 1  show  the  resulting 
variation  of  normalised  cross  section  with  angle  of  Incidence  for  each  of  the  measured 
terrain  types.  Each  of  these  figures  Is  labeled  with  the  frequency  and  ti  ai;«imtt/ receive 
polarisation  subscripts  which  char  acterise  the  echo.  Figure  12  Is  similar,  with  the  dif¬ 
ference  that  these  represent  cross -polarised  data  obtained  over  the  various  terrains. 
Because  of  the  stringent  requirements  for  Isolation  between  antennas,  correct  illumina¬ 
tion,  and  minimum  crosstalk  in  the  sampling  system,  cross-polarisation  data  Is  often 
erroneous;  consequently,  there  are  missing  components  In  these  flgureK.  The  sample 
sises  Involved  In  these  averages  are  extremely  large,  consisting  In  general  of  10,000 
to  20,000  data  points  which  represent  approximately  15  to  30  8ec«.<nds  of  flying  time  or 
1  to  2  miles  of  ground  track.  The  urban  data  is  an  exception  that  will  require  further 
dlscussian. 

Past  experiments  (5)  have  Indicated  that  the  normalised  cross  sectlcn  is  a  slowly 
Increasing  function  of  the  angle  of  incidence,  which  may  be  approximated  by  the  sine 
function.  This  Is  borne  out  by  the  variation  of  the  cross  section  of  the  rur^,  desert, 
and  mountainous  terrain  In  the  figures.  The  exception  to  this  trend  i5  found  In  the  ',:rban 
data.  This  result  Is  Jiot  unexpected  in  view  of  the  nonhomogeneous  nature  of  the  terrain. 
The  peaks  shown  at  8'  angle  of  Incidence  may  be  explained  by  the  specular  reflection 
from  buildings  that  occurs  at  this  angle.  In  view  of  the  great  pulse -to -pulse  fluctuations 
present  In  the  urban  data,  a  further  analysis  In  terms  of  sample  size  is  given  In  Fig.  13. 

In  these,  the  maximum  median  value  of  cross  section  Is  plotted  versus  angle  of  Incidence 
for  two  different  sample  sizes.  Short  sample-size  (1000  data  points)  maxima  are  plotted 
as  dashed  lines  In  these  figures.  Figure  13  Illustrates  this  analysis:  the  dashed  curves 
;jw  from  samples  located  ;irimarily  In  the  center  of  Phoenix  (see  Fig.  5).  The  short 
sample  represents  1.5  seconds  of  flight  or  approximately  450  ft  along  the  ground  track. 

The  solid  curves  consist  of  large  sample  sizes  (26,000  to  37,000  data  points)  so  that 
these  curves  represent  the  variation  of  cross  section  with  angle  over  large  areas  since 
they  represent  averages  of  data  acquired  in  38  to  54  seconds  of  flight  time  or  over  2  to 
3  miles  alor.g  the  ground  track.  Theretore,  the  larger  samples  Include  a  smaller  density 
of  point  targets  than  do  the  smaller  ones. 

The  magnitude  of  the  fluctuation  In  the  urban  data  may  be  determined  from  the  fig¬ 
ures  by  comparing  the  respective  values  for  a  given  plot.  The  difference  between  these 
can  be  seen  to  be  as  great  as  IS  dB,  so  that  the  nonhomogeneity  of  the  terrain  introduces 
a  major  consideration  Into  the  use  of  the  cross  section.  The  cross-section  curves  used 
In  Figs.  11  and  12  for  both  the  Phoenix  and  New  Jersey  urban  areas  use  the  shorter 
sample  sizes,  i.e.,  medians  of  1000  data  points. 
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Fig.  11  (Continued)  -  Variation  of  normalised  crosa  section 
with  inc'-dent  angle  (direct  polarization) 
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Fig.  12  (Contin-ied)  •  Variation  of  normalized  croas  section 
with  incident  angle  (cross  polarization) 
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Fig.  13  -  VariAtion  of  normAliied  cross  section  vath  incident  angle, 

city  of  Phoenix 
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Fig.  '3  (Continurd)  -  Variation  of  normalized  croa*  aection  with 
inc’.aent  angle,  city  of  Phoenix 
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incident  angle,  city  of  Phoenix 
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POLARIZATION  DEPENDENCE 

The  polarization  dependence  of  cross  section  has  been  observed  most  stroofly  at 
shallow  angles  of  Incidence  in  relatively  c^m  seas.  Under  these  conditions,  the  ratio  of 
the  vertically  polarized  component  to  the  horizontal,  i.e.,  oo(W)/oq(HH)  (the difference  in 
dB)  has  been  measured  and  found  to  be  in  the  range  of  10  to  1000.  Equally  strong  ratios 
have  been  found  in  the  cross  section  of  certain  man-made  targets.  Figure  14  gives  plots 
of  thie  ratio  for  the  various  frequencies  and  terrain  types.  As  expected,  Delaware  ^y 
gives  a  large  positive  ratio,  while  other  terrains  tend  to  scatter  about  unity  or  slightly 
less.  The  mountainous  and  rural  terrain  have  a  small  polarization  ratio  which  la  inde¬ 
pendent  of  wavelength.  This  is  nui  so  of  the  other  terrains.  For  the  bay  and  the  marsh, 
the  ratio  decreases  with  increasing  wavelength  (Fig.  IS).  On  the  other  hand,  in  the  returns 
from  the  desert  and  the  city  of  Phoenix,  the  direct  polarization  ratio  increases  with 
decreasing  wavelength,  although  the  variation  is  slight  for  the  desert  data.  St,  occurred 
in  the  previous  data,  the  urban  return  has  the  lowest  polarization  ratio  and  the  highest 
horizontal  direct  return. 

The  cross-polarization  characteristics  of  the  scattering  phenomenon  may  be  examined 
by  determining  the  cross -polarization  ratio,  (W)/oo  (HV).  Values  of  tnls  ratio  are 
tabulated  in  Table  2  for  the  various  terrain  types  investigated.  The  cross -polarization 
ratio  for  mountainous,  desert,  and  rural  returns  shows  no  dependence  on  angle  of  inci¬ 
dence,  while  the  marsh  and  residential  areas  of  New  Jersey  have  a  decreasing  polariza¬ 
tion  ratio  with  increasing  angle.  Table  3  gives  a  further  analysis  of  this  data.  The  non- 
homogeneous  terrains  (urban  Phoenix  and  New  Jersey  residential)  have  the  largest 
cross-polarization  ratios.  Referring  to  previous  figures  show  that  while  the  vertically 
polarized  direct  return  is  Kirge  for  these  returns,  ttie  cross -polarized  components  are 
comparable  to  those  of  the  more  homogeneous  terrains.  This  would  seem  Indicative  of 
specular  reflection  from  flat  surfaces,  say,  roofs  and  the  sides  of  buildings.  In  addition. 
Fig.  13  shows  that  the  cross -polarized  components  from  the  Phoenix  terrain  have  less 
fluctuation  than  the  corresponding  directly  polarized  components. 


WAVELENGTH  DEPENDENCE  OF  TERRAIN  CLUTTER 

The  data  gathered  to  date  indicate  that  the  normalized  cross  section  is,  in  general, 
a  function  of  wavelength.  This  relation  can  be  symbolized  as 

•’o’*'"*  (8) 

The  graphs  of  this  variation  for  the  various  terrains  are  given  in  Fig.  16  for  the  direct 
and  cross  polarized  returns  beginning  with  an  elevation  angle  of  8*.  For  the  urban 
Phoenix  and  residential  New  Jersey  data,  the  value  of  n  is  approximately  zero.  That  is 
reasonable  since  the  large  fluctuations  present  in  the  data  would  tend  to  obliterate  any 
slow  variations  such  as  n  1  which  have  been  observed  for  more  homogeneous  terrains. 

The  rural  and  mountainous  terrain  show  n  0  from  X-band  to  L-band;  however,  P-baod 
is  considerably  lower  in  the  mountainous  terrain.  The  rough  hills,  desert,  and  cultivMed 
farmland  repeat  a  result  jbtained  in  the  previous  measurement  program;  namely,  a 
wavelength  ^pendence  with  n  1.  Marsh  data  on  the  other  hand  show  a  stronger  dependence, 
n  3/2.  Tne  aixive  trends  describe  both  direct  and  cross  polarization.  A  repetition  of  the 
data  with  the  incidence  angle  changed  to  30”  (Fig.  16)  indicates  little  change  in  the  wave¬ 
length  dependence  for  the  various  terrains.  Consequently,  the  data  presented  Indicate 
that  the  wavelength  dependence  of  terrain  clutter  is  independent  of  polarization  of  the 
incident  signal  and  also  of  the  angle  of  incidence  (Fig.  17). 
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Table  2 

CroM- Polar iaation  Ratios 


*o(VV)/ao  (HV) 


X 

W'HV 

c 

WYIV 

L 

W'HV 

V  ' 
WTIV  1 

_ _ i 

5* 
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1 
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8* 

. 
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8* 
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Table  3 

CroM-Polarizatlon  Ratloa 


1  Terrain 

i _ 

X 

W/HV 

c 

W/HV 

L 

W/HV 

p  1 

W/HV  ! 

II 

• 

Marat) 

♦  7-1/2 

♦  9 

- 1 

*  i 

1 

Deaert 

6 

♦  7 

♦  5-1/2 

♦  6 

Mountalna 

>  6-1/2 

♦  8 

♦  5 

♦  6 

New  Jeraey  rural 

♦  7 

♦  5 

♦  6-1/2 

- 

Phoenix;  SS  >  25,000 

^13 

♦15-1/2 

♦  10 

♦10-1/2 

New  Jeraey  residential 

^11 

♦  8-1/2 

♦  9 

j  Phoenix;  SS  =  1000 

♦13-1/2 

♦12 

♦  10-1/2 

♦  13 

, 

«»  =  30 

• 

Marsh 

♦  6-1/2 

♦  5 

♦  10 

• 

Desert 

♦  6 

♦  7-1/2 

- 

- 

Mountains 

♦  6 

♦  6 

♦  6 

♦  9 

'  New  Jersey  rural 

♦  4 

♦  3 

♦  6 

- 

1  Phoenix;  SS  '  25.000 

♦  6 

♦  9 

♦  6-1/2 

♦  5 

New  Jersey  residential 

♦10-1/2 

♦  5 

♦  7-1/2 
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Li: _ , 

♦  10 

+  8-1/2 

_ i 

^  6-1/2 
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Fig.  16  -  Normalized  cross  section  vs  wavelength 
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SYSTEMS  LIMITATIONS 

There  are  tvo  basic  sources  of  error  in  the  absolute  system  calibrations  as  out¬ 
lined  (1):  (a)  receiver  stability  and  (b)  tracking  error  In  tlie  sphere  measurement.  The 
receiver  stability  is  monitored,  on  a  daily  basis,  by  recording  a  known  reference  level 
at  various  time  intervals.  The  variation  of  this  reference  leve?  during  the  data  recording 
and  system  calibration  periods  is  given  in  Table  4  for  each  frequency  and  polarization. 


Table  4 

Receiver  Stability  on  a  Daily  Basis 


Frequency 

and 

Polarization 

StabUtty  (dB) 

Sphere  Tracking  Error 

10/8/66 

i _  .  _ 

.  10/7  66 

1/30  66  I 

1 

10/6/66 

10/7/66 

1/30/87  1 

Xy 

i  *1 

1  ±1/4 

±1/2  ! 

±1 

±1-1/2 

! 

X 

H 

i  tl/2 

^  ±1/4 

±1/2 

±1 

±1 

±1-1/4  1 

Cv 

tl 

±1/2 

±1-1/2 

±1 

±1-1/2 

±1 

c 

H 

±1/2 

±1/2 

±1/4 

±1 

±1-1/2 

±1-1/4 

Lv 

±1/2 

±1/2 

±1/4 

±1 

±1 

±1 

Lh 

±1/2 

±1 

0 

±1 

±1 

±1 

Pv 

±1 

±1/2 

±1/2 

±1-1/2 

±2-1/2 

±1-1/4 

±1/2 

-± 

±1/2 

i2 

±3-1/2 

1 

±1-1/4  1 

Also  included  in  Table  4  are  estimates  of  the  accuracy  of  the  sphere  measurement. 
The  error  in  tne  sphere  measurement  is  chiefly  caused  by  the  variation  of  the  position 
of  the  sphere  within  the  antenna  beam.  This  error  is  minimized  by  measuring  several 
spheres  for  each  calibration  and  using  the  strongest  return  at  a  given  range.  Previous 
data  have  shown  that  this  procedure  can  reduce  the  tracking  error  to  2  dB  or  less.  This 
estimate  of  the  minimum  tracking  error  is  expressed  as  tl  dB  in  Table  4.  R  is  seen 
that  greater  limits  are  occasionally  listed.  This  is  true  of  cases  where  tracking  the 
sphere  was  more  difficult  than  usual  and  fewer  runs  were  obtained. 

Consequently,  any  given  value  of  cross  section  is,  within  limits,  specified  by  both 
factors  of  Table  4.  However,  a  polarization  ratio  would  contain  only  the  stability  error, 
since  the  tracking  error  is  common.  Wavelength  ratios  of  X  to  C  or  L  to  P  would  like¬ 
wise  have,  principally,  stability  errors,  since  the  sphere  is  simultaneously  illuminated 
by  these  frequencies. 

In  addition  to  the  above  factors,  the  measurement  of  cross-polarization  cross  sec¬ 
tions  involve  such  sources  of  error  as  antenna  isolation  and  receiver  crosstalk.  The 
total  svstem  isolation  for  each  frequency  was  estimated  for  each  day,  and  contaminated 
cross -polarization  components  were  eliminated.  The  cross -polarized  reported  Mmve 
are  deemed  free  of  crosstalk  errors  and  subject  only  to  the  factors  of  receiver  stability 
and  sphere  tracking  discussed  previously. 


CONCLUSIONS 


The  second  phase  of  the  NRL  clutter  study  has  concentrated  on  the  collection  of 
terrain  clutter  data,  first,  for  the  implementation  of  a  specific  clutter  model  and  second, 
to  determine  further  information  concerning  the  behavior  ot  the  normalized  cross  section 
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In  the  large  scale.  Measurements  have  been  made  over  terrains  which  were  selected  to 
be  homogeneous;  namely,  rural  (New  Jersey),  marsh  (New  Jersey),  Delaware  Bay,  desert, 
mountainous  terrain,  eroded  desert,  rough  hills,  and  cuttlvated  farmland.  Data  were  also 
collected  over  noohomogeneous  terrain  such  as  Phoenix  and  the  Wildwood,  New  Jersey 
area.  The  data  have  been  processed  to  yield  both  the  statistics  of  small  resolution  cells 
measured  parallel  to  the  flight  path  and  the  statistics  of  large  samples  of  terrain  clutter. 

This  report  has  primarily  concentrated  on  the  large-scale  variations  in  the  normalized 
cross  section  of  terrain.  Table  5  summarizes  the  scattering  characteristics  of  seven  of 
the  major  terrain  types  in  decreasing  order  of  cross  section  for  direct  horizontal  received 
polarization.  In  general,  these  may  be  summarized  as  follows: 

(a)  the  normalized  RCS  is  a  slowly  increasing  function  of  the  angle  of  incidence  for 
most  terrains  with  the  exception  of  resldentl.il  areas, 

(b)  the  direct  polarization  ratio  is  largest  for  the  Delaware  Bay  and  marsh  areas 
for  L-band  and  P-band  data  and  smallest  over  Phoenix  urban  terrain, 

(c)  the  cross -polarization  ratio  is  a  maximum  for  urban  and  residential  terrains, 

(d)  the  wavelength  dependence  of  the  terrain  clutter  varies  from  n  •  0  for  urban 
terrain  to  n  •  3/2  for  marsh, 

(e)  the  wavelength  dependence  is  not  a  function  of  polarization  or  angle  of  Incidence. 


Table  5 

Terrain  Clutter,  Summary 
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Appendix  A 

SAMPLE  CLUTTER  MAP 

A  clutter  map  for  tvo  frequencies,  desert  terrain,  and  Incident  angle  of  12*  consists 
ot  TM>les  A1  through  AS.  The  IMmlar  values  are  the  selected  percentile  values  of  the 
cumulative  protmblllty  distribution  calculateo  on  an  arbitrary  dB  scale.  These  values 
may  be  converted  to  the  absolute  scale  by  the  addition  of  an  appropriate  constant.  This 
cmstant  is  determined  by  the  sphere  measurement  as  described  previously  and  is  given 
for  each  signal  component  in  Table  AS. 

B  ahould  be  noted  that  median  values  of  oq  obtained  from  the  clutter  maps  will  be 
■lightly  higher  than  those  obtained  by  NRL  from  the  1000-pulse  sample  medians.  This 
is  due  to  averting  N  pulses  before  the  distribution  step  in  processing  the  clutter  map. 
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TSe  second  and  final  phase  of  a  terrain  clutter  study  has  bssn  cooipieted  at 
Naval  Research  Laboratory  utilizing  the  Four -Frequency  Radar  System  installed 
in  a  WV-2  (Super  Constellation)  aircraft,  BuNo  128324.  This  system  is  capable 
of  transmitting  and  receiving  four  frequencies  (P,X,L,  and  C)  consecutively  with  a 
choice  of  horizontal,  vertical,  and  alternating  polarizations.  The  returns  are  gated 
at  a  fixed  range  and  analyzed  in  a  digital  computer.  Absolute  clutter  measurements 
have  been  taken  over  several  sites  at  angles  of  incidence  from.  5  degrees  to  bO  de¬ 
grees.  The  parameter  measured  was  the  normalized  radar  cross  section  in  terms 
of  the  median  value  of  its  probability  distribution.  Data  were  obtained  for  this 
parameter  as  a  function  of  incident  angle,  transmitted  and  received  polarization, 
and  radar  wavelength  for  a  wide  variety  of  terrain  types  such  as  desert,  mountain¬ 
ous,  urban,  and  water.  A  significant  conclusion  was  that  the  wavelength  dependence 
of  the  terrain  clutter  varies  from  n  >  0  for  urban  terrain  to  n  •  3/2  for  marches. 
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